Introduction {#Sec1}
============

The epidemic of novel coronavirus disease 2019 (COVID-19) was caused by a new coronavirus occurred in December 2019, and now has spread worldwide and turned into a global pandemic \[[@CR1]\]. The COVID-19 was quickly discovered to be caused by a coronavirus later named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) \[[@CR1]\], which belongs to the β coronavirus family. It is the seventh known coronavirus to infect humans; four of these coronaviruses (229E, NL63, OC43, and HKU1) only cause slight symptoms of the common cold. Conversely, the other three, SARS-CoV, MERS-CoV, and SARS-CoV-2, are able to cause severe symptoms and even death, with fatality rates of 10%, 37%, and 5%, respectively.

Although a large number of studies and clinical trials are being launched on COVID-19 around the world \[[@CR2], [@CR3]\], no evidence from randomized clinical trials has shown that any potential therapy improves outcomes in patients \[[@CR4]\]. As the epidemic spreads, it is critical to find a specific therapeutic for COVID-19, and vaccines targeting various SARS-CoV-2 proteins are under development.

SARS-CoV-2 is a single-stranded RNA-enveloped virus \[[@CR5]\]. An RNA-based metagenomic next-generation sequencing approach has been applied to characterize its entire genome, which is 29,881 bp in length (GenBank no. MN908947), encoding 9860 amino acids \[[@CR6]\]. Gene fragments express structural and nonstructural proteins. The S, E, M, and N genes encode structural proteins, whereas nonstructural proteins, such as 3-chymotrypsin-like protease, papain-like protease, and RNA-dependent RNA polymerase, are encoded by the ORF region \[[@CR7]\].

A large number of glycosylated S proteins cover the surface of SARS-CoV-2 and bind to the host cell receptor angiotensin-converting enzyme 2 (ACE2), mediating viral cell entry \[[@CR8]\]. When the S protein binds to the receptor, TM protease serine 2 (TMPRSS2), a type 2 TM serine protease located on the host cell membrane, promotes virus entry into the cell by activating the S protein. Once the virus enters the cell, the viral RNA is released, polyproteins are translated from the RNA genome, and replication and transcription of the viral RNA genome occur via protein cleavage and assembly of the replicase--transcriptase complex. Viral RNA is replicated, and structural proteins are synthesized, assembled, and packaged in the host cell, after which viral particles are released (Fig.[1](#Fig1){ref-type="fig"}d) \[[@CR9]\].Fig. 1Schematic of the SARS-CoV-2 S protein.**a** The schematic structure of the S protein. **b** The S protein binds to the receptor ACE2. **c** The binding and virus--cell fusion process mediated by the S protein. **d** The life cycle of SARS-CoV-2 in host cells.

These proteins are critical to the viral life cycle and provide potential targets for drug therapies. For example, ACE2-based peptide, 3CLpro inhibitor (3CLpro-1), and a novel vinylsulfone protease inhibitor have been experimentally demonstrated to be effective against SARS-CoV-2 \[[@CR10]\]. The SARS-CoV-2 S protein is highly conserved among all human coronaviruses (HCoVs) and is involved in receptor recognition, viral attachment, and entry into host cells. Due to its indispensable functions, it represents one of the most important targets for COVID-19 vaccine and therapeutic research. In this review, we summarize advances in research of the SARS-CoV-2 S protein and its therapeutic targeting.

Structure of the S protein {#Sec2}
==========================

With a size of 180--200 kDa, the S protein consists of an extracellular N-terminus, a transmembrane (TM) domain anchored in the viral membrane, and a short intracellular C-terminal segment \[[@CR11]\]. S normally exists in a metastable, prefusion conformation; once the virus interacts with the host cell, extensive structural rearrangement of the S protein occurs, allowing the virus to fuse with the host cell membrane. The spikes are coated with polysaccharide molecules to camouflage them, evading surveillance of the host immune system during entry \[[@CR12]\].

The total length of SARS-CoV-2 S is 1273 aa and consists of a signal peptide (amino acids 1--13) located at the N-terminus, the S1 subunit (14--685 residues), and the S2 subunit (686--1273 residues); the last two regions are responsible for receptor binding and membrane fusion, respectively. In the S1 subunit, there is an N-terminal domain (14--305 residues) and a receptor-binding domain (RBD, 319--541 residues); the fusion peptide (FP) (788--806 residues), heptapeptide repeat sequence 1 (HR1) (912--984 residues), HR2 (1163--1213 residues), TM domain (1213--1237 residues), and cytoplasm domain (1237--1273 residues) comprise the S2 subunit (Fig. [2a](#Fig2){ref-type="fig"}) \[[@CR13]\]. S protein trimers visually form a characteristic bulbous, crown-like halo surrounding the viral particle (Fig. [1a](#Fig1){ref-type="fig"}). Based on the structure of coronavirus S protein monomers, the S1 and S2 subunits form the bulbous head and stalk region \[[@CR14]\]. The structure of the SARS-CoV-2 trimeric S protein has been determined by cryo-electron microscopy at the atomic level, revealing different conformations of the S RBD domain in opened and closed states and its corresponding functions (Fig. [2b, c](#Fig2){ref-type="fig"}) \[[@CR15], [@CR16]\].Fig. 2Structure of the SARS-CoV-2 S protein.**a** Schematic representation of the SARS-CoV-2 spike. **b**--**c** The S protein RBD closed and opened status. **d** The S protein binds to ACE2 with opened RBD in the S1 subunit. **e** The six-helix structure formed by HR1 and HR2 of the S2 subunit.

In the native state, the CoV S protein exists as an inactive precursor. During viral infection, target cell proteases activate the S protein by cleaving it into S1 and S2 subunits \[[@CR17]\], which is necessary for activating the membrane fusion domain after viral entry into target cells \[[@CR18]\]. Similar to other coronaviruses, the S protein of SARS-CoV-2 is cleaved into S1 and S2 subunits by cellular proteases, and the serine protease TMPRSS2 is used as a protein primer. Although the cleavage site of SARS-CoV is known, that of SARS-CoV-2 S has not yet been reported \[[@CR18], [@CR19]\].

Structure of the S1 subunit {#Sec3}
---------------------------

The binding of virus particles to cell receptors on the surface of the host cell is the initiation of virus infection; therefore, receptor recognition is an important determinant of viral entry and a drug design target.

RBD situated in the S1 subunit binds to the cell receptor ACE2 in the region of aminopeptidase N. The S1 region contains the NTD and CTD, and atomic details at the binding interface demonstrate key residue substitutions in SARS-CoV-2-CTD. In addition, the SARS-CoV-2 S CTD binding interface has more residues that directly interact with the receptor ACE2 than does SARS-RBD (21 versus 17), and a larger surface area is buried with SARS-CoV-2 S CTD in complex with ACE2 than with SARS S RBD. Mutations of key residues play an important role in enhancing the interaction with ACE2.  F486 in SARS-CoV-2, instead of I472 in SARS RBD, forms strong aromatic--aromatic interactions with ACE2 Y83, and E484 in SARS-CoV-2-CTD, instead of P470 in SARS RBD, forms ionic interactions with K31, which leads to higher affinity for receptor binding than RBD of SARS-CoV (Fig. [2d](#Fig2){ref-type="fig"}) \[[@CR15], [@CR16], [@CR20], [@CR21]\].

The RBD region is a critical target for neutralizing antibodies (nAbs), and SARS-CoV-2 and SARS-CoV RBD are \~73%--76% similar in sequence. Nine ACE2-contacting residues in CoV RBD are fully conserved, and four are partially conserved. Analysis of the RBM (receptor-binding motif, a portion of RBD making direct contacts with ACE2) of SARS-CoV and SARS-CoV-2 revealed that most residues essential for ACE2 binding in the SARS-CoV S protein are conserved in the SARS-CoV-2 S protein. However, some studies showed that murine monoclonal antibodies (mAbs) and polyclonal antibodies against SARS-RBD are unable to interact with the SARS-CoV-2 S protein, revealing differences in antigenicity between SARS-CoV and SARS-CoV-2 \[[@CR20]\]. Similarly, a SARS-CoV RBD-specific antibody failed to block infection mediated by the S protein of SL-CoV--SHC014 \[[@CR22]\], which suggests that the S1 RBD may not be an ideal drug target due to the highly mutable characteristic of broad-spectrum anti-CoV drugs.

Structure of the S2 subunit {#Sec4}
---------------------------

The S2 subunit, composed successively of a FP, HR1, HR2, TM domain, and cytoplasmic domain fusion (CT), is responsible for viral fusion and entry.

FP is a short segment of 15--20 conserved amino acids of the viral family, composed mainly of hydrophobic residues, such as glycine (G) or alanine (A), which anchor to the target membrane when the S protein adopts the prehairpin conformation. Previous research has shown that FP plays an essential role in mediating membrane fusion by disrupting and connecting lipid bilayers of the host cell membrane \[[@CR23]\].

HR1 and HR2 are composed of a repetitive heptapeptide: HPPHCPC, where H is a hydrophobic or traditionally bulky residue, P is a polar or hydrophilic residue, and C is another charged residue \[[@CR24]\]. HR1 and HR2 form the six-helical bundle (6-HB) (Fig. [2e](#Fig2){ref-type="fig"}), which is essential for the viral fusion and entry function of the S2 subunit \[[@CR13]\]. HR1 is located at the C-terminus of a hydrophobic FP, and HR2 is located at the N-terminus of the TM domain \[[@CR25]\]. The downstream TM domain anchors the S protein to the viral membrane, and the S2 subunit ends in a CT tail \[[@CR14]\].

RBD binds to ACE2, and S2 changes conformation by inserting FP into the target cell membrane, exposing the prehairpin coiled-coil of the HR1 domain and triggering interaction between the HR2 domain and HR1 trimer to form 6-HB, thus bringing the viral envelope and cell membrane into proximity for viral fusion and entry \[[@CR26]\]. HR1 forms a homotrimeric assembly in which three highly conserved hydrophobic grooves on the surface that bind to HR2 are exposed. The HR2 domain forms both a rigid helix and a flexible loop to interact with the HR1 domain. In the postfusion hairpin conformation of CoVs, there are many strong interactions between the HR1 and HR2 domains inside the helical region, which is designated the "fusion core region" (HR1core and HR2core regions, respectively).

Targeting the heptad repeat (HR) has attracted the greatest interest in therapeutic drug discovery. The S protein is an important target protein for the development of specific drugs, while the S1 RBD domain is part of a highly mutable region and is not an ideal target site for broad-spectrum antiviral inhibitor development \[[@CR27]\]. In contrast, the HR region of the S2 subunit plays an essential role in HCoV infections and is conserved among HCoVs, as is the mode of interaction between HR1 and HR2 \[[@CR28]\]. A synthetic peptide derived from the stem region of the ZIKV envelope protein was demonstrated in 2017 to potently inhibit infection by ZIKV and other flaviviruses in vitro \[[@CR29]\], implying antiviral efficiency of peptides derived from conserved regions of viral proteins. Peptides derived from the HR2 region of class I viral fusion proteins of enveloped viruses competitively bind to viral HR1 and effectively inhibit viral infection \[[@CR22]\]. Therefore, HR1 is a promising target for the development of fusion inhibitors against SARS-CoV-2 infection.

Functions of the S protein {#Sec5}
==========================

The S protein on the surface of the virus is a key factor involved in infection. It is a trimeric class I TM glycoprotein responsible for viral entry, and it is present in all kinds of HCoVs, as well as in other viruses such as HIV (HIV glycoprotein 160, Env), influenza virus (influenza hemagglutinin, HA), paramyxovirus (paramyxovirus F), and Ebola (Ebola virus glycoprotein) \[[@CR30]\]. Similar to other coronaviruses, the S protein of SARS-CoV-2 mediates receptor recognition, cell attachment, and fusion during viral infection \[[@CR16], [@CR20], [@CR21], [@CR31]--[@CR33]\].

The trimer of the S protein located on the surface of the viral envelope is the basic unit by which the S protein binds to the receptor \[[@CR16], [@CR33]\]. The S1 domain contains the RBD, which is mainly responsible for binding of the virus to the receptor, while the S2 domain mainly contains the HR domain, including HR1 and HR2, which is closely related to virus fusion \[[@CR34]\].

Receptor binding {#Sec6}
----------------

As mentioned above, the SARS-CoV-2 S protein binds to the host cell by recognizing the receptor ACE2 \[[@CR33]\]. ACE2 is a homolog of ACE, which converts angiotensin I to angiotensin 1--9 \[[@CR35]\]. ACE2 is distributed mainly in the lung, intestine, heart, and kidney, and alveolar epithelial type II cells are the major expressing cells \[[@CR36]\]. ACE2 is also a known receptor for SARS-CoV. The S1 subunit of the SARS-CoV S protein binds with ACE2 to promote the formation of endosomes, which triggers viral fusion activity under low pH (Fig. [1](#Fig1){ref-type="fig"}a, b) \[[@CR37]\].

Interaction between the S protein and ACE2 can be used to identify intermediate hosts of SARS-CoV-2, as ACE2 from different species, such as amphibians, birds, and mammals, has a conserved primary structure \[[@CR38]\]. Luan et al. compared the binding affinities between ACE2 and SARS-CoV-2 S from mammals, birds, snakes, and turtles and found that the ACE2 of *Bovidae* and *Cricetidae* interacted well with SARS-CoV-2 S RBD but that ACE2 from snakes and turtles could not.

The S protein binds to ACE2 through the RBD region of the S1 subunit, mediating viral attachment to host cells in the form of a trimer \[[@CR15]\]. SARS-CoV-2 S binds to human ACE2 with a dissociation constant (*K*~D~) of 14.7 nM, though that of SARS-CoV S is 325.8 nM \[[@CR15]\], indicating that SARS-CoV-2 S is more sensitive to ACE2 than is SARS-CoV S. Through the identification of SARS-CoV-2 proteins, researchers found \~24% difference in S between SARS-CoV-2 and SARS-CoV, whereas that of RBD is \~23% \[[@CR39]\].

Viral fusion {#Sec7}
------------

Viral fusion refers to fusion of the viral membrane and host cell membrane, resulting in the release of the viral genome into the host cell. Cleavage of the SARS-CoV-2 S1 and S2 subunits is the basis of fusion. The S protein is cleaved into two parts, the S1 subunit and S2 subunit, by host proteases, and the subunits exist in a noncovalent form until viral fusion occurs \[[@CR40]\]. Researchers have found that the specific furin cleavage site is located in the cleavage site of SARS-CoV-2 but not in other SARS-like CoVs \[[@CR41], [@CR42]\]. Mutation of the cleavage site in SARS-CoV-2 or SARS-like CoVs has revealed that the S protein of SARS-CoV-2 exists in an uncleaved state but that the others are mainly in a cleaved state. SARS-CoV-2 S has multiple furin cleavage sites, which increases the probability of being cleaved by furin-like proteases and thereby enhances its infectivity \[[@CR43], [@CR44]\]. The furin-like cleavage domain is also present in highly pathogenic influenza virus and is related to its pathogenicity, as observed in the avian influenza outbreak in Hong Kong in 1997 \[[@CR45], [@CR46]\]. In addition, host cell proteases such as TMPRSS2 are essential for S protein priming, and they have been shown to be activated in the entry of SARS-CoV and influenza A virus \[[@CR18], [@CR47], [@CR48]\]. Another host cell protease that has been proven to cleave viral S protein is trypsin \[[@CR49]\]. In summary, the S protein of SARS-CoV-2 is similar to that of SARS-CoV, and host cell proteases are essential for promoting S protein cleavage of both SARS-CoV-2 and SARS-CoV. The presence of a specific furin cleavage site on SARS-CoV-2 S might be one reason that SARS-CoV-2 is more contagious than SARS-CoV.

The formation of 6-HB is essential for viral fusion. The FP in the N-terminus of SARS-CoV-2 and the two HR domains on S2 is essential for viral fusion \[[@CR50]\]. After cleavage of the S protein, the FP of SARS-CoV-2 is exposed and triggers viral fusion. Under the action of some special ligands, the fusion protein undergoes a conformational change and then inserts into the host cell membrane (Fig. [1c](#Fig1){ref-type="fig"}) \[[@CR51]\]. For example, the ligand for influenza A virus is H^+^, while the ligand for HIV is a coreceptor such as CCR5 or CXCR4 \[[@CR14]\]. The distance between the viral membrane and host cell membrane is shortened, and the HR1 domain of the S protein is in close proximity to the host cell membrane, whereas the HR2 domain is closer to the viral membrane side. Then, HR2 folds back to HR1, the two HR domains form a six-helix structure in an antiparallel format of the fusion core, the viral membrane is pulled toward the host cell membrane and tightly binds to it, and the two membranes fuse \[[@CR52]\].

Potential drugs targeting the S protein {#Sec8}
=======================================

The fundamental role of the S protein in viral infection indicates that it is a potential target for vaccine development, antibody-blocking therapy, and small molecule inhibitors. Considering the similarity with SARS-CoV and MERS-CoV, potential nAbs and inhibitors targeting SARS-CoV-2 S are summarized below (Fig. [3](#Fig3){ref-type="fig"}).Fig. 3Potential drugs targeting the SARS-CoV-2 S protein.**a** Potential mAbs targeting various epitopes of the S protein. **b** Summary of current SARS-CoV-2 inhibitors.

Antibodies based on the SARS-CoV-2 S protein {#Sec9}
--------------------------------------------

The S protein is the main antigen component in all structural proteins of SARS-CoV-2. Unlike other functional proteins of SAS-CoV-2, it is responsible for inducing the host immune response, and nAbs targeting the S protein can induce protective immunity against viral infection. Similar to SARS-CoV and MERS-CoV, research on nAbs of SARS-CoV-2 mainly includes mAbs, antigen-binding fragments, single-chain variable region fragments, and single-domain antibodies (Nbs), which target S1 RBD, S1-NTD, or S2 regions to prevent S2-mediated fusion \[[@CR53], [@CR54]\]. On the other hand, multiple SARS-CoV-2 vaccine types are under development, including RNA/DNA-based formulations, recombinant viral epitopes, adenovirus-based vectors, and purified inactivated virus \[[@CR55]\].

The sequence and striking structural similarity between the SARS-CoV-2 and SARS-CoV S proteins emphasize the close relationship between these two viruses, which provides the possibility to treat COVID-19 with antibodies targeting the SARS-CoV S protein \[[@CR56]\]. Compared with SARS-CoV-2 RBD, SARS-CoV-2 interacts with hACE2 via the C-terminal domain (SARS-CoV-2-CTD), showing higher affinity for receptor binding. RBD can induce highly potent nAb responses and has the potential to be developed as an effective and safe subunit vaccine against SARS-CoV-2. SARS-CoV S polyclonal antibodies obtained from immunized mice completely inhibited the invasion of SARS-CoV S-MLV (murine leukemia virus), whereas the invasion rate of SARS-CoV-2 S-MLV was reduced to \~10% \[[@CR20]\]. The polyclonal anti-SARS S1 antibody T62 inhibits the entry of SARS-CoV S but not that of SARS-CoV-2 S pseudovirus particles \[[@CR49]\]. Consistently, recent studies have reported similar results, showing that three SARS RBD-directed mAbs, S230, m396, and 80R, were unable to bind to SARS-CoV-2 RBD \[[@CR16], [@CR20], [@CR21]\].

On the other hand, several mAbs have shown promising results in neutralizing SARS-CoV-2. CR3022, a SARS-CoV-specific human mAb, binds potently with SARS-CoV-2 (*K*~D~ of 6.3 nM, measured by BLI in OctetRED96), suggesting that CR3022 has the potential to be developed as candidate therapeutic, alone or in combination with other nAbs, for the prevention and treatment of SARS-CoV-2 infection \[[@CR57]\]. A mAb targeting S1 prepared from immunized transgenic mice expressing human Ig variable heavy and light chains has recently been shown to neutralize both SARS-CoV-2 and SARS-CoV infections via an unknown mechanism that is independent of the blockade of RBD--hACE2 interaction \[[@CR58]\]. Recently, many human blocking mAbs (311mab-31B5, 311mab-32D4, 47D11, n3130, n3088, S309, P2C-1F11, P2B-2F6, B38, H4) have been successfully cloned from single memory B cells from recovered COVID-19 patients \[[@CR58]--[@CR63]\]. These mAbs specifically bind to SARS-CoV-2 S to effectively neutralize infection. In addition, sera from SARS patients during rehabilitation or animals specifically immunized with SARS-CoV S1 may cross-neutralize SARS-CoV-2 and reduce S protein-mediated SARS-CoV-2 entry (Fig. [3](#Fig3){ref-type="fig"}) \[[@CR18]\].

Fusion inhibitors {#Sec10}
-----------------

The stability of the SARS-CoV-2 S protein is lower than that of SARS-CoV S \[[@CR42]\]. The mapping of multiple S sequences of the subgenus Sarbecovirus underscores that the S2 fusion region is more conserved than the S1 subunit and that the S1 subunit is more exposed at the viral surface \[[@CR16]\]. The SARS-CoV S2 subunit plays a key role in mediating virus--cell fusion and its integration into host cells, where HR1 and HR2 interact to form 6-HB, thus enabling the virus to bind to and fuse with the cell membrane \[[@CR28]\].

Sequence alignment shows that SARS-CoV-2 HR2 has the same sequence as SARS-CoV HR2. Therefore, SARS-CoV-2 HR2P (1168--1203 residues) was designed to inhibit SARS-CoV-2 fusion and entry into a target cell. Surprisingly, HR2P showed inhibitory activity against SARS-CoV-2 S-mediated fusion and SARS-CoV-2 pseudovirus, with IC~50~ values of 0.18 and 0.98 μM, respectively \[[@CR13]\]. Notably, EK1 is a pancoronavirus fusion inhibitor targeting the HR1 domain of HCoV S \[[@CR22]\]. The X-ray crystal structure of the 6-HB core of the SARS-CoV-2 S2 subunit HR1 and HR2 domains has been solved, indicating that several mutant residues in the HR1 region may be related to enhanced interaction in the HR2 region \[[@CR64]\]. Subsequently, EK1C4, a lipopeptide derived from EK1, was generated and verified to inhibit SARS-CoV-2 S-mediated cell--cell fusion. As expected, the entry of SARS-CoV-2 S pseudovirus was also inhibited by EK1C4, with an IC~50~ of 15.8 nM, \~149-fold more potent than the original EK1 peptide. Another sequence-based lipopeptide fusion inhibitor, IPB02, potently inhibits SARS-CoV-2 S protein-mediated cell--cell fusion and pseudovirus infection \[[@CR65]\].

In addition to peptide fusion inhibitors, nelfinavir mesylate (Viracept), a currently prescribed anti-HIV protease inhibitor, suppresses both SARS-CoV-2 S and SARS-CoV S-mediated cell--cell fusion. Viracept is the first reported small molecule fusion inhibitor in addition to peptide fusion inhibitors. Moreover, nelfinavir may inhibit the function of TMPRSS2 involved in activation of the S protein \[[@CR66]\]. This discovery makes possible clinical applications of anti-SARS-CoV-2 therapeutics, especially in the early stage of infection.

Protease inhibitors targeting SARS-CoV-2 S cleavage sites {#Sec11}
---------------------------------------------------------

SARS-CoV-2 entry requires cleavage of the S protein at the S1/S2 and S2 sites. Proteolysis by TMPRSS2 and cathepsin B and L plays an important role in priming SARS-CoV-2 S for entry. Camostat mesilate is a potent serine protease inhibitor of TMPRSS2. Utilizing research on the SARS-CoV and SARS-CoV-2 cell entry mechanism, it has been demonstrated that SARS-CoV-2 cellular entry can be blocked by camostat mesilate \[[@CR18], [@CR67]\]. There are currently five clinical trials registered to evaluate the efficacy of camostat mesilate (ClinicalTrials.gov Identifier: NCT04321096, NCT04353284, NCT04338906, NCT04355052, NCT04374019). In addition, cathepsins in lysosomes are crucial for SARS-CoV entry via endocytosis. E-64d, an inhibitor of cathepsin L, blocks infection with SARS-CoV and SARS-CoV-2 PsV \[[@CR68]--[@CR70]\]. Future trials with COVID-19 patients may help to confirm the efficacy of E-64d therapy.

Phosphatidylinositol 3-phosphate 5-kinase (PIKfyve) is the main enzyme synthesizing PI(3,5)P2 in early endosomes \[[@CR71]\]. Apilimod, a potent inhibitor of PIKfyve35, can significantly reduce the entry of SARS-CoV S pseudovirus into 293/hACE2 cells via early endosomes in a dose-dependent manner \[[@CR49]\]. Treating 293/hACE2 cells with another PIKfyve inhibitor, YM201636 \[[@CR72]\], also had a similar effect. Moreover, a major downstream effector of PI(3,5)P2, two-pore channel subtype 2 (TPC2) \[[@CR73]\], is important for SARS-CoV-2 entry, and tetrandrine (an inhibitor of TPC2) inhibits the activity of SARS-CoV-2 S pseudovirus.

Furin (proprotein convertase (PC) subtilisin kexin 3, PCSK3), as a member of the PC family, catalyzes the hydrolysis of peptide and protein substrates at paired basic residues \[[@CR74]\]. Strikingly, SARS-CoV-2 S harbors a furin cleavage site (682--685 residues) at the S1/S2 boundary, which may increase the efficiency of SARS-CoV-2 transmission \[[@CR75]\]. The furin-like cleavage site in the S protein of SARS-CoV-2 may have implications for the viral life cycle and pathogenicity. Therefore, furin inhibitors can be used as a drug therapy for SARS-CoV-2 \[[@CR41]\]. Patent literature since 1994 describes the use of furin or its inhibitors in the treatment of diseases, and some furin inhibitors that have been reported, including α-1-PDX (α1-antitrypsin Portland) \[[@CR76]\], hexa-D-arginine(D6R) \[[@CR77]\], serpin proteinase inhibitor 8 (PI8) \[[@CR78]\], and a peptidomimetic furin inhibitor \[[@CR79]\].

Future aspects of the development of antivirus drugs targeting the SARS-Cov-2 S protein {#Sec12}
=======================================================================================

The SARS-CoV-2 S protein binds to the host cell receptor and induces virus--cell membrane fusion, which plays a vital role in the process of virus invasion. Moreover, the high affinity between the S protein and ACE2 increases the infectivity of SARS-CoV-2. Mammals including pangolins, pets (dogs and cats), and members of *Cricetidae* may be important for determining key residues for association with S from SARS-CoV and SARS-CoV-2 \[[@CR80]\]. Further understanding of the structure and function of SARS-CoV-2 S will allow for additional information regarding invasion and pathogenesis of the virus, which will support the discovery of antiviral therapeutics and precision vaccine design.

Structural information will also assist in evaluating mutations of the SARS-CoV-2 S protein and will help in determining whether these residues have surface exposure and map to known antibody epitopes of S proteins from other coronaviruses. In addition, structural knowledge ensures that the proteins produced by constructs are homogeneous and participate in the prefusion conformation, which should maintain the most neutralization-sensitive epitopes when used as a candidate vaccine or B-cell probe for isolating neutralizing human mAbs. Furthermore, atomic-level details will enable the design and screening of small molecules that inhibit fusion. Since SARS-CoV-2 and SARS-CoV RBD domains share 75% amino acid sequence identity, future work will be necessary to evaluate whether any of these Abs neutralize newly emerged coronavirus. Overall, interaction between the S protein of SARS-CoV-2 and ACE2 should be further studied to contribute elucidation of the mechanism of SARS-CoV-2 infection. Similarly, focusing on high expression of the S protein or its receptor binding region is also of great significance for the development of vaccines.

The S2 subunit of SARS-CoV-2 shows 88% sequence homology with the SARS-CoV S2 domain and is structurally conserved. Therefore, the development of antibodies targeting this functional motif may cross-bind and neutralize these two viruses and related CoVs. Antiviral peptides prevent SARS-CoV-2 membrane fusion and can potentially be used for the prevention and treatment of infection. It is worth mentioning that EK1C4, which targets the highly conserved HR1 domain of the S2 subunit, is expected to have therapeutic potential against SARS-CoV-2. More importantly, EK1C4 can be used as a nasal drop, which increases its medicinal properties, it possesses a high genetic barrier to resistance, and does not easily induce drug-resistant mutations. On the other hand, peptide fusion inhibitors may not be widely used clinically and have low bioavailability. Therefore, the development of oral small molecule fusion inhibitors is a major direction.

In the course of virus epidemics, the ability to adapt to external pressure is an important factor affecting the spread of the virus. Regarding the envelope S protein, recombination or mutation in the gene of its RBD can occur to promote transmission between different hosts and lead to a higher fatality rate \[[@CR81]\]. Mutation of the aspartate (D) at position 614 to glycine (G614) results in a more pathogenic strain of SARS-CoV-2 \[[@CR82]\], which makes it more difficult to develop antibodies or vaccines that target nonconservative regions. To effectively prevent disease, combinations of different mAbs that identify different epitopes on the SARS-CoV-2 S surface can be assessed to neutralize a wide range of isolates, including escape mutants \[[@CR83]\].

Currently, no specific therapeutic or prophylactic has been used clinically to treat or prevent SARS-CoV-2 infection. Nonspecific antiviral drugs, such as IFN-α (recombinant human IFN-α1b, IFN-α2a), remdesivir, chloroquine, favipiravir, and lopinavir--ritonavir (Aluvia), have been clinically used to treat COVID-19 in China \[[@CR84]\]. Nevertheless, NIAID-VRC scientists are developing a candidate vaccine expressing SARS-CoV-2 S protein in mRNA vaccine platform technology. Clinical trials of the vaccine are expected in the coming months. Continued strengthening of the monitoring of the SARS-CoV-2 S protein is of great significance for subsequent new drug development and protection against COVID-19.
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